Rx is a paired-like homeobox gene that is required for vertebrate eye formation. Mice lacking Rx function do not develop eyes or the posterior pituitary. To determine whether Rx is required cell autonomously in these tissues, we generated embryonic chimeras consisting of wild type and Rx2/2 cells. We found that in the eye, Rx-deficient cells cannot participate in the formation of the neuroretina, retina pigment epithelium and the distal part of the optic stalk. In addition, in the ventral forebrain, Rx function is required cell autonomously for the formation of the posterior pituitary. Interestingly, Rx2/2 and wild type cells segregate before the morphogenesis of these two tissues begins. Our observations suggest that Rx function is not only required for the morphogenesis of the retina and posterior pituitary, but also prior to morphogenesis, for the sorting out of cells to form distinct fields of retinal/pituitary cells.
Introduction
Several homeobox genes play important roles in the patterning of the vertebrate forebrain. One of these is the paired-like homeobox gene Rx [1] [2] [3] . Rx plays a critical role in vertebrate eye development, as mutations in this gene cause the loss of or abnormal formation of the eye in several species [2, [4] [5] [6] [7] [8] [9] [10] [11] . Rx transcription begins in the anterior neural plate of gastrula embryos [1] [2] [3] , in an area that gives rise to the retina, optic stalk and ventral hypothalamus.
Retinal formation begins with the evagination of retinal progenitor cells. These cells initially form the optic vesicle and later the optic cup, which consists of the neuroretina and the retina pigment epithelium (RPE). The retina remains connected to the brain through the optic stalk. The evaginating neuroectoderm induces lens formation in the overlying surface ectoderm. Mice lacking Rx function do not develop optic vesicles or optic cups and consequently do not develop a neuroretina, a RPE or an optic stalk [2] . Since ocular neuroectoderm is necessary for lens formation, Rx-deficient embryos do not form a lens, despite the fact that Rx is not expressed in the surface ectoderm [2, [10] [11] [12] . In medaka, an intronic insertion in Rx3 is the cause of the temperature sensitive eyeless (el) mutant [13] . This mutation results in the transcriptional repression of Rx3 and is responsible for the lack of evagination of the optic vesicle [6, 13] . In zebrafish, the eyeless phenotype in the chokh mutant is caused by a mutation in the homeobox region of Rx3 [5] . Finally, in human, mutations in Rx/RAX lead to anophthalmia [8] .
In addition to eye development, Rx function is required for the normal development of the ventral forebrain [14] . During normal development, the ventral forebrain gives rise to the hypothalamopituitary axis. The posterior pituitary forms from the ventral hypothalamus through evagination. The ventral hypothalamus and posterior pituitary are instrumental in the induction and correct differentiation of the anterior pituitary that is formed from the head surface ectoderm [15] [16] [17] [18] [19] .
We have observed previously that the ventral neuroectoderm is very thin [14] and does not undergo proper morphogenesis in Rxdeficient mouse embryos. The posterior pituitary cannot be detected in these animals at the time of birth and Rathke's pouch, the precursor of the anterior pituitary, begins to form, but does not differentiate properly [14] . The ventral hypothalamus is a rich source of signaling molecules and it has been shown that signaling from this region is necessary for the formation of the anterior pituitary. Bmp4 and Fgfs are expressed in the ventral hypothalamus and are required for induction of the pouch primordium and formation of a definitive Rathke's pouch, respectively [20] [21] [22] [23] . Members of the Sonic hedgehog (SHH), Wnt, and Notch signaling pathways have also been implicated in these processes. Therefore, it is likely that abnormal differentiation of the anterior pituitary in Rx mutant mice is the consequence of abnormal development/ signaling from the hypothalamus. Interestingly, the developing retina (optic cup) and the ventral diencephalon that gives rise to the hypothalamus/posterior pituitary, display similarities in morphogenesis and gene expression. The retina, as well as the posterior pituitary, evaginates from the neuroectoderm and both initially express Rx. The optic cup is instrumental in the induction, invagination and differentiation of the lens from the head surface ectoderm. Similarly, the ventral hypothalamus is instrumental in the induction, invagination and the differentiation of Rathke's pouch (the anterior/intermediate pituitary), which is also derived from the surface ectoderm. It is therefore possible that the formation of both tissue pairs (retina-lens and hypothalamusanterior pituitary) is regulated by similar developmental and molecular mechanisms. Indeed, besides Rx, there are several homeodomain transcription factors (i.e. Pax6, Six3, Optx2, Lhx2, Foxl2), as well as signaling molecules (SHH, BMP4, FGF-8, -10, Wnt and Notch pathway members) expressed during eye development, that are also expressed in analogous ways in the development of the hypothalamic-pituitary axis. Furthermore, the intriguing observation that the adenohypophysis is transformed into an ectopic lens in the zebrafish midline mutants you-too (yot) and iguana (igu) by a mutation in Gli2 gene, is additional evidence for developmental and molecular commonality [24] .
While it is known that Rx expression is required for the formation of the retina and the hypothalamo-pituitary axis in mouse embryos, it is not known whether Rx function is required cell autonomously in these tissues. A cell autonomous requirement for Rx3 function for the morphogenesis of the retina has been reported in medaka and zebrafish [25] [26] [27] , but the mechanism of retinal formation is significantly different in mammals and teleosts [25] . The question of cell autonomous function of Rx in the retina and the hypothalamopituitary axis has yet to be examined in mammals.
To determine whether Rx expression is required cell autonomously for the formation of the retina and the hypothalamopituitary axis in mouse embryos, we analyzed the behavior of Rxdeficient cells in embryonic chimeras consisting of wild type and Rx2/2 cells. We also characterized the changes in gene expression during pituitary development in Rx-deficient embryos. Results of our studies show that Rx function is required cellautonomously for the formation of the retina and the posterior pituitary and that Optx2 is the common target of Rx during the development of both tissues.
Results
Our previous experiments have shown that Rx is required for eye formation in mouse. In the absence of Rx, the optic structures such as the optic sulci, optic vesicle and optic cup do not form and the expression of retina and lens specific markers cannot be detected [2, 14] . To determine whether Rx function is required cell autonomously during retinal development, we generated embryonic chimeras consisting of wild type and Rx2/2 lacZ/+ cells. Chimeric embryos bearing both wild-type (white) and varying amounts of mutant cells (blue) were examined to determine whether Rx mutant cells could contribute to eye structures in a wild type environment. We analyzed chimeras with a very high contributions of Rx2/2 lacZ/+ cells, but we did not observe any Rx2/2 lacZ/+ cells in retinal structures. As figure 1A shows, at E12.5 the neuroretina is totally devoid of Rx2/2 cells, while most of the cells surrounding the eye, as well as the lens cells, are Rx2/2. Since the pigmentation of the retina pigment epithelium (RPE) makes it difficult to determine whether the cells of the RPE are wild type or Rx2/2, we analyzed chimeric embryos at E10.5 -before the pigmentation of RPE appears (Fig. 1B, C) . Sections through an E10.5 chimeric embryo show that Rx2/2 cells do not participate in the formation of the presumptive neuroretina, RPE or the distal part of the optic stalk (Fig. 1C ). These observations demonstrate that there is a cellautonomous requirement for Rx function in these retinal structures. Interestingly, in the transition zone from the neural tube to the optic stalk, the wild type cells and Rx-deficient cells can coexist, but they sort out into columns of cells based on their genetic makeup. The columns consisting of different cell types display different morphology, with Rx-deficient columns cells always being wider than the columns of wild type cells. The likely explanation for the different thickness of tissue of different genetic makeup is that the wild type cells can participate in the convergent extension of the optic stalk, while the Rx2/2 cells cannot. The lack of Rx2/2 cells in the evaginating optic vesicle can be observed at E9.5, when the vesicle is devoid of Rx-deficient cells (Fig. 1D) . A relatively sharp boundary between the evaginating cells of the presumptive optic vesicle and the surrounding cells can be detected as early as E8.5 ( Fig. 1E) , the beginning of evagination of the ocular neuroectoderm. Importantly, at E8.0, the optic pit contains mostly wild type cells (Fig. 1F) , suggesting that Rx2/2 cells are depleted from this region even before the morphogenesis of the retinal structures begins. It should be pointed out that because of the lack of molecular markers specifically expressed in this region, the optic pit was identified based on its morphology. In contrast, in control chimeras generated from wild type (white) and Gt(ROSA)26Sor/J cells that were Rx+/+ lacZ/+ , both cell types contributed equally to the formation of the neuroretina (Fig. 1G) .
Interestingly, when the contribution of wild type cells in the chimeric embryo was very low, the wild type cells developed into an optic vesicle consisting only of RPE (Fig. 1H ). Lenses were not observed in these embryos, suggesting that this optic vesicle cannot induce lens formation.
Since our previous results indicated that the formation of the hypothalamo-pituitary axis was also strongly affected in Rx2/2 embryos [14] , we investigated the role of Rx in the formation of the pituitary. During normal development, the primordium of the anterior and intermediate lobes of the pituitary gland (adenohypophysis) is first visible as a thickened region of the midline oral ectoderm that lies adjacent to the floor of the diencephalon or future hypothalamus. In the mouse embryo, this ectoderm invaginates at approximately 8.5-9 days to form Rathke's pouch (RP) ( Fig. 2A) , which detaches from the oral ectoderm by 12-12.5 days [for review see reference 18] . At the same time, the infundibulum, an outpocketing of the diencephalon, evaginates to give rise to the neurohypophysis or the posterior lobe of the pituitary (Fig. 2C) . The neurohypophysis contains the axon terminals of the neurosecretory neurons that reside in the hypothalamus. These two tissues lie in direct contact during this time, and a large body of evidence indicates that signals from the neuroectoderm of the ventral diencephalon (hypothalamus) are required for the induction, specification and commitment of Rathke's pouch and pituitary cell lineages [for review see 19] . In Rx2/2 embryos, there is no evidence for evagination of the ventral neuroectoderm to form the posterior pituitary (Fig. 2D ). Rathke's pouch initially forms in these mutants [14] , but it becomes severely dysmorphic (Fig. 2D) and cannot be visually identified at birth (not shown). Despite the presence of clefts, the pouch tissue remains as a multilayered sheet; it does not ever detach from the oral ectoderm and remains in contact with the oral cavity (Fig. 2D) . Ultimately, the pituitary and ventral hypothalamic tissue are extruded into the oral cavity about the same time that the palate would normally be closing (not shown).
In order to better define the molecular steps that lead from Rx expression to the proper development of the hypothalamus and formation of the posterior pituitary and to better understand the development of the pituitary gland in Rx2/2 embryos, we examined the expression of several genes during the development of the anterior and posterior pituitary in wild type and Rx-deficient embryos. Here we present the comparison of Lhx3, Fgf10 and Optx2 expression in wild type and Rx2/2 embryos, as the changes in the expression of these three genes best demonstrate the morphological and molecular consequences of the absence of Rx expression. Lhx3 is a specific marker of anterior pituitary development. It is a LIMhomeobox gene, expressed as soon as Rathke's pouch forms and its expression is absolutely required for pituitary organogenesis [28] . Expression of Lhx3 is not significantly altered in Rx2/2 embryos (Fig. 2B, D) , when compared to wild type embryos ( Fig. 2A, C) , in spite of the fact that the anterior pituitary is severely dysmorphic in Rx2/2 embryos. This indicates that the program of anterior pituitary organogenesis has been initiated.
Fgf10 is a diagnostic marker of posterior pituitary development [23] . In wild type embryos, it is expressed in the ventral hypothalamus and the infundibulum (Fig. 2E, G) . In Rx 2/2 embryos, Fgf10 expression is initially quite normal at E9.5 (Fig. 2F ), but later, at E10.5 is severely downregulated (Fig. 2H) . No cells can be found that express this gene at high levels typical of posterior pituitary development.
The homeobox gene Optx2 (Six6) is co-expressed with Rx early in development in both the ventral diencephalon and the optic vesicle In addition this gene is expressed in the head surface ectoderm [29] [30] [31] [32] . In Rx-deficient embryos, Optx2 expression is completely lost in the optic vesicle/cup at E9.5 (Fig. 2I,J) . Strong reduction of Optx2 expression in the head of Rx2/2 embryos is already evident at E8.5 (Fig. 2K,L) . In both stages in Rx2/2 embryos Optx2 is expressed only in the surface ectoderm, but not in the neuroectoderm. At E10.5 (Fig. 2M,N) Optx2 is not expressed in the optic vesicle or in the ventral hypothalamus. These experiments, taken together with the observation that Rx is expressed in Optx2 mutant mice [33] , indicate that Optx2 is genetically downstream of Rx and is potentially a direct regulatory target for Rx. However, a direct regulation of Optx2 expression by Rx remains to be demonstrated.
Due to the lack of a visible posterior pituitary and the changes in gene expression in the ventral hypothalamus of Rx2/2 embryos, we analyzed the ability of Rx2/2 cells to contribute to the formation of the posterior pituitary in chimeric embryos. We found that Rx2/2 lacZ/+ cells cannot contribute to the formation of the posterior pituitary. As early as E9.0, there is a distinct region with sharp boundaries in the ventral hypothalamus that is devoid of blue, Rx-deficient cells (Fig. 3A,E) . This region undergoes evagination (Fig. 3B,F) and later forms the posterior pituitary, consisting exclusively of wild type cells (Fig. 3C,D) . This observation suggests that Rx function is required cell-autonomously for the formation of the field of posterior pituitary progenitor cells even before the morphogenesis of the posterior pituitary begins. The similarities between the cell autonomous requirements for Rx function between the presumptive neuroectoderm of the retina and posterior pituitary, as well as the lack of Optx2 expression in both tissues in Rx-deficient embryos, gives support to the hypothesis that the development of the retina and the posterior pituitary is regulated by similar developmental and molecular mechanisms.
Discussion

Cell-autonomous requirement for Rx function in the retina and posterior pituitary
We have presented evidence that in mice Rx activity is required cell autonomously for the formation of the neuroretina, retina pigment epithelium and the distal optic stalk. Rx-deficient cells cannot be found in these structures in chimeric embryos. At the beginning of evagination, the presumptive ocular neuroectoderm of chimeric embryos contains almost exclusively wild type cells, indicating that Rx2/2 cells are eliminated from the presumptive retinal neuroectoderm before the onset of retinal morphogenesis. This suggests that Rx2/2 cells never behave like, or are recognized, as retinal progenitor cells. Segregation of wild type and Rx2/2 cells can be observed in the proximal optic stalk. In this transitional zone between the optic stalk and the brain, wild type and Rx-deficient cells can be observed next to each other forming columns of cells segregated by their genetic makeup. The wild type and Rx2/2 columns of cells have different morphology, presumably because of different morphogenetic behavior. The wild type columns are thinner presumably because these cells are undergoing convergent extension typical of optic stalk formation. The Rx2/2 cells do not appear to undergo convergent extension [2, 11, 14] .
Retinas in chimeric embryos show a remarkable degree of autonomy. Even in embryos where most of the surrounding cells are mutant, retinal development appears to be normal, i.e. the optic cup forms a normal RPE, neuroretina and optic stalk. Only in cases when very few wild type cells are available to form a retina, the differentiation of the optic cup is abnormal. In this case, the entire retina and optic stalk differentiate into RPE. This is interesting, as it indicates that the abnormal differentiation of retinal cells is not due to the genetic makeup of the retinal cells, but rather due to the small size of the retina. A likely explanation for this phenomenon is provided by the observations of Cho and Cepko [34] . They found that during chick eye development, a yet unknown mechanism induces expression of Wnt2b in the surface ectoderm dorsally to the evaginating optic cup. Somewhat later, Wnt2b expression spreads to the adjacent dorsal optic cup, which then becomes RPE. It is possible that when the evaginating optic cup is very small, the Wnt2b-inducing signal transverses the entire optic cup and converts it to RPE. This retina, consisting entirely of RPE cells, cannot induce lens formation suggesting that neuroretina or neuroretina-specific gene expression is necessary for lens induction. Alternatively, the evaginating retinal neuroectoderm is too small to ever contact the surface ectoderm and therefore the inductive signals from the optic vesicle never reach the surface ectoderm.
The posterior pituitary gland of chimeric embryos does not contain Rx-deficient cells showing that Rx function is also required cell-autonomously for the formation of the posterior pituitary. Similar to the ocular neuroectoderm, the neuroectoderm of the presumptive posterior pituitary is depleted of Rx2/2 cells prior to the evagination of the posterior pituitary. This shows that Rx function is required for the establishment of a field of posterior pituitary progenitor cells, indicating that the development of the retina and posterior pituitary is regulated by a similar developmental mechanism.
Our findings in mouse embryos agree with the observation in medaka and zebrafish that cells mutant for Rx function cannot participate in the morphogenesis of the optic vesicle [13, [25] [26] [27] 35] . Furthermore, our observation taken together with the findings of Stigloher and coworkers [26] that zebrafish Rx3 controls segregation of cells in the zebrafish forebrain, provide evidence that Rx genes control the formation of fields of cells with specific properties and distinct boundaries. This is an important observation, as it provides a possible explanation for the mechanism involved in the initial stages of evagination of the optic vesicle and the posterior pituitary. It is likely that during development, the different fields of cells react differently to the pressure generated by the growth of the neuroectoderm, leading to its buckling [36] . As a result, specific groups of progenitor cells evaginate from the neuroectoderm.
In summary, there appear to be two different reasons why Rx2/2 cells cannot contribute to the formation of the retina and posterior pituitary in Rx2/2 embryos and chimeras. It appears that the progenitor of the retina and the posterior pituitary are not specified in Rx2/2 animals, and consequently the retina and the posterior pituitary do not form. However, it is difficult to exclude the possibility a very few cells become progenitor cells. Nevertheless, even if some cells are specified, Rx function is required for the expression of Optx2 [this paper, reference [37] [38] [39] , a gene that is required for their proliferation [40, 41] . A disproportionably small number of cells might not be able to form an ocular neuroectoderm or survive. In chimeric embryos, Rx2/2 cells are not recognized as progenitor cells of the retina and the posterior pituitary and are eliminated from these structures.
The current understanding of regulatory interactions in which Rx plays a key role with the focus on retinal development is depicted in figure 4 . It is mostly based on experiments in Xenopus, as to date a more detailed analysis was performed in this species than in mouse. As demonstrated by Danno and coworkers [42] , Rx is activated in the forebrain by the coordinate action of Otx2 and Sox2. Rx in turn activates or upregulates expression of several proteins that are essential for the specification and early development of the retinal neuroectoderm. Genes included in this category are transcription factors like Pax6, Six3, Lhx2 and Mab21l2. At the same time Rx stimulates the proliferation of these cells through several apparently independent pathways. The first pathway begins with the activation of the high mobility group B3 gene Xhmgb3 followed by the activation of c-myc [39] . The second pathway begins with the activation of Optx2 transcription [this paper, reference 37-39], a gene that is known to be an activator of proliferation [40, 41] . In addition, Rx also activates Zic2 and Hairy, two genes that inhibit the differentiation of neural cells and keep them in proliferative state. Finally, the segregation of cells in chimera based on the genetic make up suggests that genes encoding specific cell surface molecules are also activated at this time. However, the identity of these molecules remains to be elucidated.
Materials and Methods
Rx2/2;Gt(ROSA)26Sor/J ES cells
To generate Rx2/2;Gt(ROSA)26Sor/J ES cells, the Rx+/2 mice were first crossed into the Gt(ROSA)26Sor/J mouse line [43] that ubiquitously expresses ß-galactosidase. Blastocysts from a cross Rx+/2;Gt(ROSA)26Sor/J x Rx+/2;Gt(ROSA)26Sor/J were used to make ES cells. ES cells identified as Rx+/+;Gt(ROSA)26-Sor/J and Rx2/2;Gt(ROSA)26Sor/J were used for further experiments.
Chimeras
To generate chimeric embryos, blastocysts from C57BL/6-J females were harvested at 3.5 d.p.c. and were injected with Rx2/2; Gt(ROSA)26Sor/J ES cells [44] . These embryos were then transferred into the uterine horns of pseudopregnant females [45] [46] [47] . Embryos were analyzed at different developmental stages for the presence of Rx2/2 cells in the eye. The Rx2/2;Gt(ROSA)26Sor/J cells were visualized by LacZ staining and appeared blue. The wild type cells were white. In control embryos, wild type cells were white and the Gt(ROSA)26Sor/J cells that were wild type for Rx, were blue. Chimeric embryos were harvested at different stages of embryonic development and the ES cell contribution of Rx+/+ lacZ/+ or Rx2/2 lacZ/+ cells was determined by the proportion of blue cells in the whole embryo. In our experiments, we evaluated chimeras with moderate or high contribution of Rx2/2 lacZ/+ cells. 
